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AND COALS. PART I : THE X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) APPROACH 

Abstract  

s u l f u r  2p s igna l  from coal  and heavy petroleum samples i n  the terms o f  t h e  
amounts o f  a l k y l  s u l f i d e s  (163.3 eV) and t h i o p h e n i c - l i k e  (164.1 eV) forms. 
determinat ion o f  organic s u l f u r  forms i n  I l l i n o i s  #6 coal was accomplished by 
c a r e f u l l y  mon i to r ing  the cont r ibu t ions  due t o  i r o n  s u f l i d e s  and s u l f a t e s  and 
a p p l i c a t i o n  o f  the  deconvolut ion procedure used w i t h  heavy petroleum samples. 
Our r e s u l t s  show t h a t  t h i o p h e n i c - l i k e  s u l f u r  comprises t h e  m a j o r i t y  o f  organic 
s u l f u r  species i n  f resh  I l l i n o i s  #6 and Rasa coal .  
f o l l o w i n g  a i r  o x i d a t i o n  show t h a t  organic s u l f i d i c  forms are much more r e a c t i v e  
toward o x i d a t i o n  than t h i o p h e n i c - l i  ke species. 

I .  I n t r o d u c t i o n  

We have used the r e s u l t s  from model compound s tud ies  t o  deconvolute the  

The 

Analysis o f  Rasa coal 

The r o u t i n e  d i r e c t  q u a n t i f i c a t i o n  o f  organic s u l f u r  forms i n  s o l i d s  and 
n o n v o l a t i l e  l i q u i d s  has no t  y e t  been accomplished; however, progress has been 
made using X-ray Adsorption Near Edge St ruc ture  (XANES) (1-2).  
i s  important f o r  understanding the chemistry o f  s u l f u r  i n  coal and heavy 
hydrocarbons. 
t h i s  c h a r a c t e r i z a t i o n  area f o r  coal (3-8).  
coal surfaces by XPS i s  complex due t o  the  presence o f  p y r i t e  and o ther  
inorganic s u l f u r  species. 
inorganic s u l f u r  forms are suscept ib le  t o  ambient o x i d a t i o n  and t h a t  the surface 
composition may n o t  be representa t ive  o f  the bulk.  Despi te t h i s  awareness there  
has been very l i t t l e  d e t a i l e d  a t t e n t i o n  p a i d  t o  c o n t r i b u t i o n  o f  inorgan ic  s u l f u r  
forms. An XPS study (7 )  o f  many d i f f e r e n t  coa ls  observed on ly  t r a c e  i r o n  
s ignals.  The authors associated the 164.2 eV s u l f u r  2p peak w i t h  organic s u l f u r  
and a t t r i b u t e d  i t  t o  the sum o f  thiophenes, s u l f i d e s  and mercaptans. This study 
( 7 )  a lso  demonstrated a reasonable correspondence between surface and b u l k  
organic s u l f u r  l e v e l s .  Our approach t o  avoid the problems posed by the  presence 
o f  inorgan ic  s u l f u r  was t o  e s t a b l i s h  XPS methods f o r  q u a n t i t a t i v e  determinat ion 
o f  s u l f u r  forms using model compounds and petroleum based mater ia ls .  
methods were then app l ied  t o  a coal w i t h  a low p y r i t e  and high organic s u l f u r  
content f o r  c h a r a c t e r i z a t i o n  o f  s u l f u r  forms. F i n a l l y  a coal w i t h  equivalent 
amounts o f  p y r i t e  and organic s u l f u r  was analyzed f o r  organic s u l f u r  species 
a f t e r  accounting f o r  the  c o n t r i b u t i o n  o f  i n o r g a n i t  s u l f u r  forms t o  the XPS 
s u l f u r  2p s i g n a l .  

11. Exwr imenta l  

The Rasa coal  sample was obtained courtesy o f  D r .  Curt  White a t  the  P i t tsburgh 
Energy Technology Center PETC. 
S c i e n t i f i c  Polymer Products Inc .  and a l l  o ther  model compounds were obtained 
from the  A l d r i c h  Chemical Company, Inc .  
Generators ESCALAB instrument using non-monochromatic MgKa o r  AlKa r a d i a t i o n .  

The c a p a b i l i t y  

It has been long recognized t h a t  XPS could p o t e n t i a l l y  impact 
The c h a r a c t e r i z a t i o n  o f  s u l f u r  on 

Other compl icat ions are t h a t  both organic and 

The same 

I l l i n o i s  #6 coal  was obtained from the Argonne premium coal  sample program. 

Polyphenylene s u l f i d e  was obtained from 

XPS spectra were obtained w i t h  a Vacuum 
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The petroleum samples were deposited from solut ion onto a metal l ic  sample block. 
The coal and powdered model compound samples were mounted t o  the metal l ic  sample 
block by means of double sided nonconducting tape. 
made due t o  sample charging for  coal based on t h e  C(1S) peak posi t ion observed 
a t  284.8 f 0.1 (eV) f o r  the  t h i n  f i lms (<10A thickness) of heavy petroleum 
samples and THF e x t r a c t s  from 
t o  be i n  e l e c t r i c a l  contact with the meta l l ic  sample block. 
obtained a t  0.9 eV resolut ion.  
the VGS 2000 software package. 
re1 a t i  ve humidity . 
111. Results and Discussion 

having 2 : l  r e l a t i v e  in tens i ty  and separated i n  energy by about 1.2eV. 
measured the XPS s u l f u r  2p signal from a var ie ty  of model compounds t o  obtain 
the instrumental response f o r  a s ing le  component species  as well as determine 
the binding energy representat ive of  d i f fe ren t  su l fur  environments. 
shows the spectra  from several model compounds. 
2p s ignal  can be represented by components having an equal ly  mixed Gaussian- 
Lorentzian l ine-shape and a FWHM of 1.4 eV. Figure 1 curves A ,  B and E a r e  
examples which have t h i s  idealized line-shape. There i s  a very small peak a t  
several eV higher binding energy than the  main 2p s ignal  in curves A and B.  
This emission i s  pr imari ly  a r e s u l t  of A -t II* shake-up processes (9) .  We can 
ident i fy  departures  from what would be expected for  a pure component mater ia l .  
There i s  a s l i g h t  broadening of the su l fur  2p signal in Curve C f o r  P-methyl- 
L-cysteine; however, the sample i s  only of 97% puri ty .  The broadening of the  
higher binding energy peak from the p a r t i a l l y  oxidized FeS2 sample, curve D, 
r e f l e c t s  the  presence of oxidized s u l f u r  in environments with s l i g h t l y  d i f f e r e n t  
apparent binding energy. 

The XPS s u l f u r  2p binding energy provides a sens i t ive  measure of the  
e lec t ronic  charac te r  of su l fur  within a molecule. (10-12) 
of oxidized organic su l fur  forms a r e  f a i r l y  well es tabl ished (8-14) i . e .  
sulfoxides -(166 eV), sulfones -(168 eV) and sulfonic  ac id /su l fa te  -(169 eV). 
Figure 1 curve E i s  the su l fur  2p spectrum from dibenzothiophene sulfone which 
shows a binding energy 168.2 fO.1 eV. This agrees favorably with t h e  values 
reported f o r  sulfone in  d i f fe ren t  polymeric mater ia ls  (9) .  The d e t a i l s  of the 
surface oxidation of  FeS2 are  complex and will be discussed i n  g rea te r  d e t a i l  
l a t e r .  The su l fur  2p  spectrum of p a r t i a l l y  oxidized FeSp i s  shown i n  Figure 1 
curve D.  The lower binding energy peak occurs a t  162.5 eV and i s  cons is ten t  
w i t h  previously reported values f o r  p y r i t i c  su l fur  (15-19) which range from 
162.3 eV t o  163.0 eV. 
associated with s u l f a t e .  
a i r  oxidation of p y r i t e  with bihding energies of 168.5 eV (19) and 169.1 eV 
(16). These values are  c lose t o  those ant ic ipated f o r  ferrous and f e r r i c  
su l fa te  (12). Indeed we f ind the binding energy of ferrous s u l f a t e  a t  168.9 eV. 
Brion (16) found 169.4 eV and 169.5 eV f o r  f e r r i c  and fe r rous  s u l f a t e  respect-  
ively.  Values as high as 171.0 eV and 172.2 eV have been published ( 4 ,  6) for  
f e r r i c  and ferrous s u l f a t e  respect ively;  however, no attempt was made t o  account 
for  sample charging in these s tudies .  
su l f ide  i n  Curve 8 i s  163.7 f 0.1 eV which quant i ta t ive ly  agrees w i t h  a 
previous finding ( 9 ) .  The 164.1 eV binding energy f o r  s u l f u r  in a thiophenic- 
l i k e  environment (Tilorone Analogue) a l s o  agrees with t h a t  found f o r  thiophene 
(12). 

An energy correct ion was 

I l l i n o i s  #6 samples. These samples a re  believed 
The  spectra  were 

Data acquis i t ion and processing were by means of 
Oxidation experiments were done i n  a i r  with -60% 

An ideal ized XPS su l fur  2p signal i s  made u p  of  2~312 and 2p1/2 components 
We have 

Figure 1 
We have found t h a t  the  su l fur  

The binding energies 

The higher binding energy peak occurs a t  168.6 eV and i s  
Sulfate  was observed a s  a surface product following 

The binding energy f o r  polyphenylene 

We f ind a 163.3 eV binding energy f o r  an alkyl su l f ide  containing 
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molecule S-methyl-L-cysteine. 

samples. 
mental response o f  pure model compounds, was used i n  a deconvolut ion procedure. 
It was poss ib le  i n  a l l  cases t o  deconvolute the spectrum from petroleum 
asphaltene samples i n t o  two s igna ls  w i t h  b ind ing  energies o f  164.1 eV and 163.3 
eV (23). Th is  observat ion was i n t e r p r e t e d  i n  l i g h t  o f  a v a i l a b l e  model compound 
r e s u l t s .  The 163.3 eV component i s  representa t ive  o f  most ly s u l f i d i c  forms 
wh i le  the 164.1 eV corresponds t o  t h i o p h e n i c - l i k e  environments. 

The spectrum i s  shown i n  Figure 2. 
l e v e l s  of organic s u l f u r  (11.68 wtX) and very l i t t l e  inorgan ic  s u l f u r .  
s u l f u r  t o  carbon atom r a t i o  as determined by XPS was i n  e x c e l l e n t  agreement w i t h  
t h a t  determined by elemental analysis.  
i t  was poss ib le  t o  deconvolute the main s u l f u r  2p peak i n t o  164.1 and 163.3 eV 
components. The 164.1 eV peak makes up 70% o f  the  s ignal  and i s  assigned t o  
organic s u l f u r  species i n  t h i o p h e n i c - l i k e  environments. 
days a t  125'C changes the s u l f u r  2p spectrum as shown i n  F igure  3. The presence 
o f  oxidized s u l f u r  forms i s  apparent a t  h i g h  b ind ing  energies and these forms 
make up about 24% o f  the t o t a l  s u l f u r  on the  surface o f  Rasa coa l .  Upon oxida- 
t i o n ,  the amount o f  th iophenic-1 i k e  components remains near ly  constant, b u t  the 
s u l f i d i c  components drop dramat ica l l y .  
about the same f o l l o w i n g  subsequent o x i d a t i o n  i n  a i r  a t  125'C up t o  60 days. 
These r e s u l t s  show t h a t  the  th iophenic-1 i ke s u l f u r  components i n  Rasa 1 i g n i t e  
are much l ess  r e a c t i v e  toward ox ida t ion  r e l a t i v e  t o  s u l f i d i c  forms. 

Accounting f o r  poss ib le  inorgan ic  s u l f u r  forms i s  essent ia l  f o r  an accurate 
determinat ion o f  organic s u l f u r  surface species i n  p y r i t e  conta in ing  coals.  
Figure 4 Curve A shows the i r o n  2p spectrum from I l l i n o i s  #6 coal .  The I l l i n o i s  
#6 sample was obtained from the  Argonne premium sample program i n  a sealed 
ampule. The sample was prepared i n  an N2 d r y  box, placed i n  a sample t rans fer -  
ence device, evacuated and then inser ted  i n t o  the  VG f a s t  e n t r y  a i r  l o c k  f o r  XPS 
sample ana lys is .  The procedure near ly  e l im ina ted  exposure t o  l a b o r a t o r y  a i r .  
About h a l f  o f  the bu lk  s u l f u r  i n  t h i s  coal i s  present as p y r i t e .  
spectrum contains a number o f  peaks t h a t  w i l l  be i d e n t i f i e d  on the bas is  o f  
2 ~ 3 1 2  and 2 ~ 1 1 2  components from a t  l e a s t  two d i s t i n c t  chemical forms. We can 
i d e n t i f y  a sharp i r o n  2p3/2 peak a t  708.5 eV and another very broad 2p3/2 peak 
a t  713.5 eV. 
based on the  C(1S) coal  peak. 
shown i n  F igure  5 Curve A, does not posses an e a s i l y  d i s c e r n i b l e  s u l f a t e  peak. 
The s u l f u r  2p s igna l  appears over the  energy loss envelope from the s i l i c o n  2s 
l i n e .  

Careful s tud ies  on the  surface ox ida t ion  o f  p y r i t e  have shown t h a t  i n i t i a l  
a i r  o x i d a t i o n  products are an i r o n  d e f i c i e n t  s u l f i d e ,  i r o n  oxides and/or f e r r i c  
s u l f a t e  (19). The b ind ing  energy o f  the m e t a l - d e f i c i e n t  s u l f i d e  i s  be l ieved t o  
be s i m i l i a r  t o  unal tered p y r i t e  (19), -707 ev (15-19). I r o n  oxides and f e r r i c  
s u l f a t e  occur a t  -711 eV. 
fe r rous  su l fa te .  S u l f a t e  was observed (19) by XPS as a l a t e r  o x i d a t i o n  product 
of p y r i t e  exposed t o  a i r .  
s u l f u r  up t o  14 day a i r  exposure (19); however, elemental s u l f u r  i s  an observed 
component i n  weathered coal samples (26). 

We have measured the  XPS s u l f u r  2p s ignal  from several heavy petroleum 
The XPS s u l f u r  2p s ignal  f o r  a s i n g l e  species, based on the  i n s t r u -  

We have analyzed the  XPS s u l f u r  2p s igna l  from f resh  Rasa l i g n i t e  coal .  
It i s  an unusual coal, having very h i g h  

The 

As we found w i t h  petroleum asphaltenes, 

A i r  o x i d a t i o n  f o r  5 

The d i s t r i b u t i o n  o f  s u l f u r  forms remains 

The XPS i r o n  

The energies were determined a f t e r  c o r r e c t i o n  f o r  sample charging 
Not ice t h a t  the corresponding s u l f u r  2p spectrum, 

The maximum o f  t h i s  broad energy l o s s  envelope occurs near 178 eV. 

We have measured a b i n d i n g  energy o f  711.0 eV f o r  

No evidence was found f o r  the  presence o f  elemental 
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The i r o n  2 ~ 3 1 2  b ind ing  energies from I l l i n o i s  #6 coal  cannot be chemical ly 
i n t e r p r e t e d  i n  a s t r a i g h t - f o r w a r d  way because the value f a l l s  ou ts ide  o f  known 
l i m i t s .  To conform t o  accepted values, t h e  inorgan ic  components would have t o  
experience enhanced sample charging o f  about 1.OeV t o  3.0eV r e l a t i v e  t o  t h e  main 
organic carbonaceous components. 
f o r  inorgan ic  components i n  coal  has been noted be fore  (24,25). 
nonuniform sample charging, then the  708.2 eV peak i s  assigned t o  i r o n  p y r i t e  or 
the metal d e f i c i e n t  s u l f i d e  s h i f t e d  by -+1.2eV and the broad peak a t  -713.5 eV 
t o  i r o n  oxides and/or s u l f a t e s  s h i f t e d  by -+2.5eV. 
-722 eV f e a t u r e  i s  due t o  the 2p1/2 peak from p y r i t e  and the broad 727eV peak 
due t o  2 p l  2 from i r o n  oxides and/or su l fa tes .  
substant ia(  p o r t i o n  o f  t h e  observable i r o n  from a f resh  sample surface o f  
I l l i n o i s  #6 coal  i s  n o n - p y r i t i c  i n  nature and i n  poor e l e c t r i c a l  contact  w i t h  
the organ ic  m a t r i x .  

h igher b i n d i n g  energy, i t  w i l l  d i r e c t l y  over lap  t h e  reg ion  f o r  unoxidized 
organic s u l f u r  species. The t o t a l  amount o f  i r o n  present, as determined by the  
combined area o f  t h e  2p3/2 peaks from a l l  i r o n  species r e l a t i v e  t o  the t o t a l  
amount o f  carbon, i s  o n l y  about a t h i r d  o f  the  amount determined by bu lk  
ana lys is  (Fe/C = 0.0071). Lower than expected i r o n  XPS s igna ls  have been noted 
before ( 7 ) .  Two poss ib le  explanat ions are t h a t  t h e  p y r i t e  p a r t i c l e s  are 
encapsulated by organ ic  mater ia l  o r  t h a t  they have a p a r t i c l e  s i z e  d i s t r i b u t i o n  
s i g n i f i c a n t l y  g r e a t e r  than the carbonaceous matter.  
only 20% o f  the  t o t a l  Zp3/2 i r o n  s igna l .  We would, there fore ,  expect a p y r i t i c  
XPS s u l f u r  2p s i g n a l  t h a t  corresponds t o  a r e l a t i v e  i n t e n s i t y  o f  (S/C=O.OOl) o r  
about 7% o f  the  t o t a l  s u l f u r  2p s igna l .  The apparent b ind ing  energy o f  p y r i t i c  
s u l f u r  would be 163.7 eV due t o  enchanced sample charging. 
2 ~ 3 1 2  s igna l  decreases s u b s t a n t i a l l y  upon exposure t o  a i r .  
shows the  d e c l i n e  i n  the  i r o n  2 ~ 3 1 2  s igna l  and F igure  5 curve B shows the 
appearance o f  a very  small s u l f a t e  peak near 171.5 eV a f t e r  a two day exposure 
t o  a i r  a t  22°C and -60% r e l a t i v e  humidi ty.  
i n  very  smal l  q u a n t i t i e s  a t  surfaces o f  f r e s h  Argonne premium I l l i n o i s  #6 
samples and the  amount dec l ines  f u r t h e r  upon exposure t o  a i r .  

I t  was p o s s i b l e  t o  deconvolute the  XPS organic s u l f u r  2p s igna l  from 
I l l i n o i s  #6 coal  us ing  t h e  same methods as used w i t h  Rasa coal  and heavy 
petroleum samples a f t e r  cons idera t ion  o f  the p y r i t i c  s u l f u r  c o n t r i b u t i o n s  as 
j u s t  descr ibed and background subt rac t ion  o f  the s i l i c o n  2s s igna l .  Figure 6 
shows the  r e s u l t s .  The 164.1 eV peak cont r ibu tes  64% and t h e  163.3 eV peak 29% 
t o  t h e  t o t a l  s i g n a l .  These peaks are i n t e r p r e t e d  t o  a r i s e  from t h i o p h e n i c - l i k e  
and a1 k y l  s u l f i d e  environments respec t ive ly .  These r e s u l t s  show t h a t  organic 
s u l f u r  species dominate the  XPS s u l f u r  2p spectrum o f  f r e s h  I l l i n o i s  #6 coal  and 
t h a t  about 2/3 o f  the surface organic s u l f u r  e x i s t s  i n  t h i o p h e n i c - l i k e  
environments. 

The p o s s i b i l i t y  o f  enhanced sample charging 
I f  we assume 

It would f o l l o w  t h a t  the 

These r e s u l t s  show t h a t  t h e  

When the  XPS s u l f u r  2p s igna l  from i r o n  p y r i t e  i s  s h i f t e d  by 1.2eV toward 

The p y r i t i c  2 ~ 3 1 2  peak i s  

The p y r i t i c  XPS 
F igure  4 curve B 

P y r i t i c  s u l f u r  i s  i n i t i a l l y  present 

. 

I V .  Conclusions 

I t  i s  p o s s i b l e  t o  deconvolute the  organic XPS s u l f u r  2p spectrum o f  coal 

Th iophen ic - l i ke  s u l f u r  represents the  m a j o r i t y  organic 

and heavy petroleum samples i n t o  163.3 eV and 164.1 eV components. 
have been i n t e r p r e t e d  i n  terms o f  a l k y l  s u l f i d e s  and t h i o p h e n i c - l i k e  s u l f u r  
species r e s p e c t i v e l y .  
species i n  Rasa and I l l i n o i s  #6 coa l .  A i r  o x i d a t i o n  o f  Rasa coal r e s u l t s  i n  t h e  
loss  o f  organic s u l f i d e s  and the produc t ion  o f  ox id ized  species. Deta i led  
ana lys is  o f  the i r o n  and s u l f u r  XPS s u l f u r  2p s igna ls  shows t h a t  inorgan ic  

These peaks 
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su l fu r  species represent a very smal 
surfaces of f r e s h  Argonne Premium I 1  
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Figure 2 
P 

Figure 1 

XPS sulfur 2p spectra 
from model compounds. 
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XPS sulfur 2p spectrum from fresh Rasa coal and deconvolution into 
163.3eV and 164.1 eV components. 
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Figure 3 XPS s u l f u r  2p spectrum from Rasa coal o x i d i z e d  f o r  5 days a t  125'C and 
deconvolution i n t o  163.3 eV and 164.1  eV components. 
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Figure  4 XPS i r o n  2p spectra from Argonne Premium I l l i n o i s  #6 coal :  
a )  Fresh; b) a f t e r  a i r  exposure a t  22'C f o r  2 days 
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Figure 5 XPS sulfur 2p spectra from Argonne Premium I l l i n o i s  #6 coal; 
a) Fresh; b) a f te r  a i r  exposure a t  22 'C  f o r  2 days. 

f igure 6 
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XPS sul fur  2p spectrum from fresh I l l i n o i s  #6 coak and deconvolutlon 
i n to  different components. 
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